Tumor immunogenicity and response to immunotherapy
The immune checkpoint inhibitors (CPIs) are a class of drugs targeting negative inhibitory receptors on host T lymphocytes, such as cytotoxic T lymphocyte antigen 4 (CTLA-4) and programmed death 1 (PD-1), receptors that are frequently hijacked by tumors to prevent an effective antitumor immune response. Monoclonal antibodies blocking these checkpoints have been developed and have shown remarkable ability to induce deep and durable responses in certain advanced, treatment-refractory cancers, leading to regulatory approvals in a wide range of cancer subtypes, including melanoma, non-small cell lung cancer (NSCLC), head and neck cancer (HNSCC), renal cell carcinoma (RCC), urothelial carcinoma (UC), and Hodgkin lymphoma. Despite the dramatic responses seen in these cancers, clinically significant activity appears limited to a minority of patients, and the ability to predict response and better select patients for these therapies through the development of reliable biomarkers remains a critical need.
As the target of PD-(L)1 inhibitors, expression of PD-1's ligand, PD-L1, is a natural potential biomarker of response and this has been explored extensively in numerous studies with conflicting results. A sensitivity analysis of PD-L1 expression and response to PD-(L)1 inhibitors in melanoma, NSCLC, and genitourinary cancers reported an overall response rate of 34.1% in PD-L1-positive and 19.9% in PD-L1-negative cancers, with a differential effect based on tumor type and specific CPI (8) . A lack of standardization for testing as well as heterogeneity of expression in the tumor itself have likely contributed to these inconsistent results, and the true predictive value of this biomarker across tumor types remains to be determined. Other features of the tumor microenvironment, such as effector immune cell infiltration and inflammatory gene expression signatures, can also suggest a more immunologically active, inflamed phenotype and are being explored as potential biomarkers for selection of patients for CPI therapy (9) (10) (11) (12) (13) .
Emerging evidence suggests tumor-intrinsic genomic instability as the basis for the enhanced immunogenicity seen in some cancers, and tumor mutation burden (TMB) in particular has A complex DNA repair machinery has evolved to protect genomic integrity in the face of a myriad of DNA damage sources. When DNA repair fails, this damage can lead to carcinogenesis and tumor genomic instability. Indeed, many heritable cancer predisposition syndromes are attributable to germline defects in DNA repair pathways. On the other hand, these defects may also portend particular vulnerabilities of the cancer and may be exploited therapeutically. Most recently this has been demonstrated in the case of mismatch repair-deficient cancers, in which the immune checkpoint inhibitors have been demonstrated to be highly active. This observation has paved the way for further research investigating other sources of genomic instability that may serve as biomarkers to select patients for immunotherapy. jci.org Volume 128 Number 10 October 2018
fit, but was unable to identify a recurrent peptide sequence predictive of response (30) . A trial is ongoing to prospectively evaluate treatment with pembrolizumab in patients with high-TMB tumors and may provide additional insight into the utility of TMB as a biomarker of response (NCT01876511). Independent of neoantigen production, damaged DNA may also directly activate the immune system via the stimulator of interferon genes (STING) pathway (31) . In this pathway, cytosolic double-stranded DNA is sensed by cyclic GMP-AMP synthase (cGAS), leading to activation of the transmembrane protein STING and subsequent recruitment and activation of transcription factors and upregulation of IFN-β and related genes (32) . While first recognized for its role in the immune response to DNA viruses, there is accumulating evidence for a role for this pathway in response to host cytosolic DNA and in particular in the immune response to DNA damage repair-deficient (DDRD) tumors. For example, studies of mice deficient in ataxia-telangiectasia mutated (ATM), a crucial DNA damage signaling protein, and studies of patients with ataxia-telangiectasia (congenital ATM deficiency) demonstrated that ATM loss was associated with enhanced type I interferon production resulting from the accumulation of cytosolic DNA and activation of the STING pathway (33) . In preclinical models, a functional cGAS pathway has been demonstrated to be necessary for response to PD-L1 inhibitor, and therapeutic activation of the cGAS pathway was shown to potentiate the activity of the CPI (34) . Therefore, the upregulation of the cGAS/STING pathway in DDRD tumors may suggest a tumor primed for response to CPIs.
The presence of defects in DNA replication and repair in the tumor are a major source of genomic instability, with mutations in mismatch repair genes and DNA polymerases accounting for 13.5% of high-TMB tumors in a recent large-scale analysis (35) . These defects may present another opportunity to optimally select patients for CPI therapy, as has been demonstrated in the case of cancers associated with mismatch repair deficiency.
DNA repair pathway defects and immunogenicity
Mismatch repair deficiency. To date, deficiency in DNA mismatch repair (dMMR) remains the only validated tissue-agnostic biomarker of response to CPI therapy. dMMR cancers harbor impaired expression of one of the genes involved in the MMR pathway (MSH2, MSH6, MLH1, and PMS2), which corrects base mispairs and small loops in repetitive sequence DNA. Tumors with dMMR accumulate exceptionally high numbers of mutations, particularly at more vulnerable short tandem repeat sequences, termed microsatellites, leading to a microsatellite instability-high (MSI-H) phenotype. This can occur in the setting of the heritable Lynch syndrome due to a germline mutation in a gene encoding one of the DNA mismatch repair proteins, or sporadically through epigenetic alterations leading to loss of expression of these proteins. While certain cancers such as endometrial and gastrointestinal are enriched for these defects, MSI-H has been observed at lower levels across at least 24 different tumor types, and it is estimated that the annual incidence of new MSI-H cancers is in the thousands (36) .
In addition to high TMB, MSI-H cancers bear other hallmarks of an immunogenic cancer, including prominent immune cell infiltration and increased expression of PD-1/PD-L1 (37, emerged as a promising potential biomarker for immunotherapy. This began with the observation that several cancers in which CPIs are highly active are associated with mutagenic exposures (e.g., smoking in lung cancer, UV light in melanoma). Additionally, measures of carcinogen exposure, including pack-year smoking history and frequency of C>A transversions (a molecular signature of smoking) in the case of lung cancer, have been correlated with clinical benefit from CPI (14, 15) . Resultant high TMB was thought to link mutagenic exposure with enhanced immunogenicity in these cancers, and numerous studies of patients with melanoma and lung cancer receiving CTLA-4 and/or PD-(L)1 inhibitors have since confirmed the association between TMB and likelihood of response (16) (17) (18) (19) .
TMB is an attractive biomarker given the increasing ease and availability of sequencing techniques; however, similarly to PD-L1 expression, it appears limited in its predictive value, with responses in intermediate-TMB/low-TMB tumors as well as nonresponders among the high-TMB tumors. A recent analysis of immunotherapy-treated patients who had undergone TMB assessment reported a response rate of 58% in high-TMB cases (≥20 mutations per Mb) versus 20% in those with intermediate and low TMB; however, this relationship was less prominent in patients treated with dual CPI (PD-(L)1 plus CTLA-4 inhibitor) (20) . Two recent studies in NSCLC have examined its relationship with respect to PD-L1 expression as a biomarker of response. One study demonstrated superiority of combination CPI over chemotherapy in the first line in patients with high-TMB NSCLC tumors irrespective of PD-L1 expression status (21) . A separate retrospective analysis in NSCLC suggested the two biomarkers may be complementary in patient selection for CPI, with potentially greatest benefit to combined CTLA-4/PD-(L)1 inhibition in high-TMB, high-PD-L1-expressing tumors (22) .
The mechanism for the enhanced immunogenicity of high-TMB cancers is believed to be through the production of so-called mutation-associated neoantigens (MANAs), mutant proteins resulting from nonsynonymous mutations, which are more strongly immunogenic than their nonmutant counterparts (23) . This has been supported by the demonstrated association of MANA-specific T cell responses with outcomes including improved objective responses, durable clinical benefit, progression-free survival, and overall survival (23) (24) (25) (26) , as well as by neoantigen loss as a mechanism of acquired resistance to CPIs (27) .
It remains controversial whether it is quantity of neoantigens or the presence of certain high-quality neoantigens that is necessary to generate an antitumor immune response. In a study examining predictors of response to CTLA-4 inhibition in metastatic melanoma, high TMB was associated with clinical benefit but was not sufficient for response, with some high-TMB tumors among the nonresponders (28) . The study identified a specific neoepitope signature that appeared more strongly associated with clinical benefit. Interestingly, these neoepitopes demonstrated sequence homology to more viral and bacterial antigens than neoepitopes that were not linked with clinical benefits. Others have similarly provided evidence that neoepitope quality, and particularly homology to microbial antigens, may be a more important factor than quantity in the antitumor immune response (29) . On the other hand, another study of CTLA-4 inhibitors in melanoma confirmed the association of neoantigen load with clinical bene-jci.org Volume 128 Number 10 October 2018
well as investigating CPIs in the first-line metastatic and nonmetastatic settings (Table 1) . The identification of dMMR as the first tissue-agnostic biomarker of response to CPIs has led to an expansion of interest in other DNA repair defects and their potential implications for immunotherapy.
Homology-dependent recombination deficiency. Among the most well-studied of DNA repair defects with regard to tumor immunogenicity is the defect in homology-dependent recombination (HR). Mutations in HR pathway proteins have been long recognized for their role in cancer susceptibility, in particular the hereditary breast and ovarian cancer syndromes associated with germline mutations in BRCA1 and BRCA2. HR is an important pathway of repair of DNA double-strand breaks (DSBs). In addition to BRCA1/2, the HR pathway includes other genes that may be altered in cancer, including partner and localizer of BRCA2 (PALB2). Defective HR leads to enhanced reliance on the alternative pathway of nonhomologous end-joining, which is associated with a unique genetic signature of frequent deletions flanked by short tandem repeat sequences (42) . Both germline and somatic mutations in genes in the HR pathway have been since observed in a wide range of cancer subtypes (43) , and these alterations may lead to a "BRCA-ness" phenotype that resembles germline 38). There was therefore a strong rationale for testing CPIs in MSI-H cancers, and a phase II trial of the PD-1 inhibitor pembrolizumab in patients with metastatic treatment-refractory dMMR or MSI-H cancers demonstrated significant activity. In a cohort of 86 patients across 12 different cancer types, an objective response rate (ORR) of 53% was observed, including 21% complete responses; an additional 23% achieved stable disease for a disease control rate (DCR) of 77% (36, 39) . Median disease-free and overall survivals had not been reached at a median follow-up time of 12.5 months. Similarly, in a phase II study in previously treated advanced dMMR/MSI-H colorectal cancers, treatment with the PD-1 inhibitor nivolumab yielded an ORR of 31.1% and a DCR at 12 weeks of 69%, with the median duration of response not yet reached (40) . Nivolumab plus ipilimumab demonstrated substantial activity in the same population, with ORR of 55%, DCR at 12 weeks of 80%, and progression-free survival and overall survival rates at 12 months of 71% and 85%, respectively (41) . These findings have led to the accelerated approval of pembrolizumab (KEYTRUDA) in advanced dMMR/MSI-H cancers and of nivolumab (OPDIVO) alone or in combination with ipilimumab (YERVOY) in advanced dMMR colorectal cancers (CRCs). Several trials are ongoing to evaluate the role of combination immunotherapy in dMMR cancers, as (59) . These patients harbor germline defects in one of eight genes in the NER pathway and are highly susceptible to the development of skin and mucous membrane cancers (60) . Due to the extreme rarity of this syndrome, documentation of clinical activity of CPIs is limited to case reports; however, dramatic and durable responses have been reported in melanomatous and nonmelanomatous XP-associated skin cancers (61) (62) (63) (64) (65) . Somatic alterations in the NER pathway and particularly in the ERCC genes are commonly observed and may have implications for immunotherapy. Specifically, in NSCLC it has been reported that the presence of ERCC1 SNPs was associated with significantly higher ORR (62.5% vs. 6.9%) to nivolumab (66) .
Error-prone DNA replication as a source of genomic instability DNA polymerase mutations. Most promising in the search for additional markers of genomic instability and potential responsiveness to immunotherapy are mutations in genes encoding the DNA proofreading proteins polymerase δ (POLD1) and polymerase ε (POLE). These mutations may yield a phenotype similar to dMMR, including similar cancer susceptibilities when present in the germline (67) . These tumors are often ultramutated and similarly demonstrate enhanced T lymphocyte infiltration and activation of immune checkpoints (68) (69) (70) (71) (72) . Preliminary clinical data suggest that these cancers may also be able to achieve deep and durable responses to CPI therapy. A trial of a PD-1 inhibitor in NSCLC noted durable clinical response in three patients whose tumors harbored POLD1 or POLE mutations (18) . Additionally, anecdotal responses to PD-1 inhibition have been reported in POLE-mutant endometrial cancer (71) and POLE-mutant microsatellite stable colorectal cancer (68) .
Enhanced endogenous mutator activity. The APOBEC cytidine deaminases are a family of endogenous mutators important for innate antiviral immunity; enhanced APOBEC activity has been observed in several cancers (73) . Using data from 8,475 cancers in the Cancer Genome Atlas (TCGA), Boichard et al. demonstrated that alterations in APOBEC3 and the associated "kataegis" mutational signature, characterized by localized hypermutation, were associated with PD-L1/PD-L2 expression, independent of mutation burden (74) . These findings have been confirmed in separate studies in UC (75, 76) and HNSCC (77) . In NSCLC, the APOBEC signature was noted to be associated with loss of heterozygosity in human leukocyte antigen (HLA), suggestive of enhanced immune pressure (78) . Together these findings support the hypothesis that the kataegis mutational signature can promote antitumor immunity and provides further evidence for enhanced immunogenicity of some cancers that is linked to specific mutational signatures rather than TMB alone.
Therapeutic strategies to induce genomic instability
Combination of CPIs with other DNA damage-enhancing agents may be a viable strategy to enhance genomic instability and therefore activity of immunotherapy. Standard of care cytotoxic chemotherapy and radiation therapy may enhance the immuno-BRCA1/2-mutant cancers, specifically in its enhanced susceptibility to platinum chemotherapy and PARP inhibitors (42) .
Accumulating evidence suggests enhanced immunogenicity of HR-deficient (HRD) cancers and a potential role for CPIs. In highgrade serous ovarian cancers (HGSOCs), the presence of BRCA1/2 mutation was associated with higher predicted neoantigen load, increased tumor-infiltrating lymphocytes (TILs), enhanced PD-1/ PD-L1 expression, and a gene expression signature associated with tumor cytotoxicity, when compared to HR-proficient HGSOCs (44) . Enhanced TILs have also been observed in breast cancer associated with DNA repair defects (45, 46) . In pancreatic ductal adenocarcinoma (PDA), molecular profiling revealed that a DSB repair-defective subtype was associated with an antitumor immune gene signature (47) . A recent large-scale analysis of 777 tumors across multiple types with next-generation sequencing demonstrated defects in at least one HR gene in 25%, and significantly higher TMB in the HRD group than in the non-HRD group (48) . Breast cancer cells associated with BRCA/Fanconi anemia repair pathway loss also harbored increased cytosolic DNA associated with activation of the cGAS/ STING/TBK1/IRF3 pathway (49) .
Preclinical and clinical data regarding the use of CPIs in HRD cancers has generated mixed results. In a preclinical model of BRCA1-associated triple-negative breast cancer, mice treated with cisplatin plus combined anti-PD-1 and anti-CTLA4 blockade demonstrated an enhanced intratumoral and systemic immune response and improved outcomes when compared to cisplatin alone, cisplatin with either CPI, or to CPI alone (45) . Among patients with melanoma treated with PD-1 inhibitor, it was reported that responding tumors were enriched for BRCA2 mutations, while TMB was not a statistically significant predictor of response (50) . In a phase II multicenter study of the Bruton tyrosine kinase inhibitor acalabrutinib with or without pembrolizumab in metastatic PDA, 3 of 32 patients receiving the combination achieved a partial response; of these three, one carried a germline BRCA2 variant of uncertain significance and the other two patients had a strong family history of pancreatic or breast cancer (51) . On the other hand, a phase Ib trial of the PD-L1 inhibitor avelumab for recurrent or refractory ovarian cancer reported no responses in nine subjects with tumors confirmed or suspected to be BRCA-mutated (52) .
Base excision repair pathway defects. Biallelic mutations in MUTYH, encoding a DNA glycosylase involved in the base excision repair pathway, may also yield a "Lynch-like syndrome," termed MUTYH-associated polyposis (MAP), with predisposition to CRC with predominant proximal location. These tumors have been reported to harbor increased TILs (53) and frequent loss of HLA class I expression, suggestive of immune-driven selective pressure (54) . Sequencing of these tumors reveals a modestly increased mutational burden over pMMR CRC, with an average of 5.3 mutations per Mb, and a mutational signature characterized by prominent G:C>T:A transversions (55). The incidence of MAP in the general population is rare, accounting for approximately 0.4%-1% of CRC cases (56, 57) , and the clinical activity of CPI in these patients has not been described.
Nucleotide excision repair pathway defects. The nucleotide excision repair (NER) pathway is critical to the repair of UV-associated damage, as well as removal of bulky adducts, crosslinks, and oxidized bases (58) . Xeroderma pigmentosum (XP) is a rare autoso-jci.org Volume 128 Number 10 October 2018 went targeted exon sequencing on pretreatment tumor samples, the presence of a DDR alteration was associated with response rate of 67.9%, compared with 18.8% in those without; however, a differential effect on response was noted depending on affected pathway, with the largest effect seen in tumors with POLE mutations or defects in NER (87) . Prospective studies are needed to confirm the relative contribution of specific pathway defects on likelihood of response to CPI. Additionally, for many of these defects, the optimal means of determination for its presence or absence also remains obscure. While clinically validated assays for dMMR via immunohistochemistry, polymerase chain reaction (PCR), or next-generation sequencing (NGS) exist, accurate assessment of HRD has proved more complex. Targeted sequencing requires thorough understanding of the relative contribution of involved proteins in the pathway and may miss altered expression through epigenetic alterations or promoter mutations. On the other hand, phenotypic assessment may be costly and may not reflect the current function of the pathway if intervening treatment occurred.
genicity of cancers through a number of potential mechanisms, including DNA damage and increased cytosolic dsDNA as well as inducing immunogenic cell death and enhanced antigen presentation. In support of this, a secondary analysis of patients participating in a phase I trial of pembrolizumab noted significantly longer survival in patients previously treated with radiotherapy (79) . Several clinical trials are investigating DNAdamaging treatments in combination with CPI, and a recent study in NSCLC demonstrated a significant survival benefit with the addition of CPI to chemotherapy in the first line, in further support of this strategy (80) .
Novel agents targeting DNA repair proteins, including the PARP inhibitors and inhibitors of ATM, ATM and RAD3-related (ATR), and CHK1, may also have a role in CPI combinations. In particular, PARP inhibitors have been observed to have immunomodulatory effects in the tumor, including upregulation of PD-L1 expression in preclinical models and increased infiltration by CD8 and NK cells, suggesting a potential role in combination with immune checkpoint blockade (81, 82) . In a BRCA1-null syngeneic model of ovarian carcinoma, the PARP inhibitor rucaparib was noted to increase CD8 + T cell infiltration and CD8/CD4 ratio and had synergistic activity when combined with PD-1 or PD-L1 inhibition (83) . Clinical trials evaluating PD-(L)1 inhibitors combined with PARP inhibitors are ongoing to further evaluate the activity of the combination. Preliminary results of 49 patients treated on a phase I trial of the PD-1 inhibitor tislelizumab plus the PARP inhibitor pamiparib in advanced cancers likely to harbor DNA damage repair deficiencies demonstrated an ORR of 20% and clinical benefit rate of 39% (84) . The ongoing phase II MEDI-OLA trial is evaluating the PD-L1 inhibitor durvalumab with the PARP inhibitor olaparib in BRCA1/2-mutated cancers, and it recently reported an 80% DCR at 12 weeks in BRCA1/2-mutated HER2-negative metastatic breast cancer (85) . Another phase I trial of the PD-L1 inhibitor durvalumab plus olaparib in women's cancers reported an ORR of 17% (2 responses of 12) and a DCR of 83%; of note, 11 of the 12 tumors were confirmed negative for BRCA mutations and the remaining one tumor was unconfirmed (86).
Summary and future directions
To date, dMMR remains the only confirmed genomic biomarker of response to CPIs, with deep and durable responses in a high proportion of these cancers. The exceptionally high TMB characteristic of these tumors likely underlies this immunogenicity and has opened the door to the exploration of other genomic biomarkers of response, and specifically other cancer-associated DNA repair pathway defects; however, how DNA damage and repair influences the immunogenicity of these cancers appears to be multifaceted and complex (Figure 1 ). In particular, how different signatures of DNA damage may impact tumor immunogenicity remains poorly understood and may influence the likelihood of response to CPI. In a study of 60 patients with advanced UC treated with PD-1 or PD-L1 inhibitor who under- Figure 1 . DNA damage combined with failed DNA repair is an initiating step in oncogenesis, but also contributes to ongoing tumor progression with uncontrolled replication and accumulation of genomic errors and genomic instability. Genomic instability may lead to enhanced tumor immunogenicity through (a) the accumulation of high numbers of mutations, possibly resulting in the expression of mutation-associated neoantigens, which can activate the adaptive immune response, and (b) the accumulation of cytosolic DNA, which can activate the innate immune response via the cGAS/STING pathway. Persistence/progression of these tumors thus relies on mechanisms of immune escape such as PD-(L)1. The addition of DNA-damaging therapies (e.g., chemotherapy, radiation, PARP inhibitors) may further enhance genomic instability and therefore synergize with CPIs in some tumors. jci.org Volume 128 Number 10 October 2018
Finally, other DNA-damaging agents, including cytotoxic chemotherapy, radiation, and inhibitors of PARP, ATM, or ATR, may have the potential to exploit cancer-associated DNA repair defects and enhance genomic instability, and should be explored prospectively for their potential to increase susceptibility to immune attack and to synergize with CPI. Table 1 summarizes several ongoing trials evaluating immunotherapy in DDRD cancers and in combination with DNAdamaging therapies.
